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ABSTRACT

Improved cultural conditions and a new, completely synthetic medium

(R medium) were developed to facilitate the production of Bacillus

anthracis holotoxin antigens. Levels of these antigens, up to fLve-fold

greater than the highest previou.sly reported values, have been produced

using the described system. The R medium was shown to be superior to

1095 and casamino acids media for the elaboration of lethal, factor and

protective antigen. The Sterne, V770-NPI-R, and Vollum IB strains of

S. anthracis were cultured for 42 h in R medium. Growth, pH change,

ilucose utilization, and supernatanc protein concentration, lethal toxin

activity and protease activity were monitored during this period.

Lethal toxin production in all three strains was first detectable in

late log phase and reached its maximum level during the stationary

phase. Proceolytic activity, presumably responsible for degradation of

the toxin, was detected in the supernatants of all three strains. The

use of R medium to produce larger quantities of B. anthracis edema

.actor, protective antigen, and lethal factor wili facilitate the

biochemical, bicphysical and immunological characterizations of these

three toxin components.
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:he tripartite toxin of Bacillus anthracis is a complex toxin or

toxic mixture (4) composed of three polypeptide factors (2, 23): edema

factor (EF; :actor 1), protective antigen (PA; factor II. and lethal

factor (iF: factor I11). None of the factors alone possess demonstrable

toxic activity (6, 14, 21), however intravenous injection of PA plus LF

kills mice (21), rats (1, 2), and guinea pigs (22), while intradermal

inIection of 7A olus FF produces edematous lesions in the skin of guinea

pigs (8) and rabbits (24). LF, PA, and possibly EF are individually

immunosenic. Parenteral administration of combinations of the three

facrors, ,or of or PA elicits varying degrees of protection from toxin

or spore challenge in experimenLal animal hosts (15, 23).

In order to study tne mechanisms of action of anthrax torix and its

role in B. anthracis pathogenesis, and as a prerequisite to vaccine

development, investigators have devoted considerable attention to the

production and purification of the three toxin components. Gladstone's

demonstration in 1948 that B. anthracis produced an immunizing antigen

when cultured in vitro under carefully controlled conditions (9)

stimulated other researchers (3, 16, 30) to delineate specific cultural

conditions affecting elaboration of the antigen. It was not until 1958,

however, that Harris-Smith et al. (11) first demonstrated in vitro

formation of an anthrax holotoxin possessing both lethality-producing

A, and edema-producing activities. Subsequent attempts to improve both

" growth media and cultural conditions for production of protective antigen*.¶

* i(17, 18, 31) or whole toxin (2t,, 27) led to the development of the 1095

medium of Wright et al. (18) and the casamino acids medium described by

Halnes et al. (10). Unfortunatcly, rather low yields of protective

antigen are produced in 1095 medi.um (12), while the casamino acids

mediu• is incompletely defined and enntains activated charcoal powder (10).
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The studies reported here accomplished three primary goals: (i)

improved cultural Conditions and a completely (jfined growth medium for

3. anthra.;is in which EF, PA, and LF zre elabotated at high levels; (ii)

a comparison of production of lethal toxin by strains of B. anthracis

cultured in 1095 and casamino acids media, and the new, defined medium;

and (Uiiii examination of the parameters of Ti. anthracis growth, toxin

,ormation, carbohvdrate utilization, and protease production over a 42-h

period of culture iii the new medium. The results presented here

demonstrate that with the new, defined medium, anthrax toxin antigens

z an be produced Ln vitro at levels greater than previously reported.

i.ii
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M.TERIALS AXD .ýTMODS

Bacterial str.ains. A virulent, encapsulated strain of Bacillus

anthracis (Vollum IB) and two hipovirulent, nonencapsulated strains

(Sterne and V770-N?1-R), were obtained in lyophilized form from the

culture bank of the United States Army Medical Research Institute of

Infectious Diseases, Fort Detrick, Frederick, Maryland. Vegetative

.r--zanisns were stored frozen until use at -70'C in brain heart infusion

(Difco Laboratories, Detroit, Mich.) plus 12% glycerol.

Media. Trypric:ase soy aiar (TSA) ..as obrained from Baltimore

Biolouicai L1bboratori.-; (Ili., c(vck,,v'yviLle, Md.). Plates of sheep blood

aigar (SBA) were preparvd using blood :jagar ba;e (Difco) plus 5% sterile,

defibrinated sheep blood. Casamino acids (CA, 27), 1095 (18), and

svnthetic R media were employed in these studies. Their composition is

listed in Table 1. The components of all media were chemically pure or

reagent grade and were obtained from Sigma Chemical Company (St. Louis,

Mo.). The R medium was developed by .nodifying the CA medium in the

following ways: (i) the quantities of individual amino acids found in

3.6 g of yeast extract were substituted for 3.6 g of casamino acids

(19); (ii) the concontration of glucose was raised from 0.2 to 0.25:;

(iii) nomobasic potassium phosphare was omitted, and the concentration

of dibasic potassium phosphate was increased from 0.088 to 0.3% to

;. provide increased buffering; and (iv) activated charcoal powder was

omitted.

Each liter of R medium contained the following components: (i)

L-tyrosine, potassium thosphate, sodium-L-glutamare, and L-aspartic acid

dissolved in 450 al triple-distilled water heated to 60*C; (ii) 1 ml

of a 1000-fold concentrated stock solution of cystine in 1.0 N MCI;

(iii) 25 ml of ,40-fold concentrated stock solutions of each of the

.I
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rezmaining components except sodium bicarbonate; and (iv) triple-

Jistilled water to bring the solution volume to 995 ml. Sodium

bicarbonate was dissolved into the solution and p1l v:as adjusted to 8.0

with 5.0 N NaOH. The medium was filter-sterilized under positive

pressure using a capsule filter with a 0.45 --. pore diameter (Gelman

Sciences. .um Arbor, Mich.) and stored at 40 C in rightly capped

Erlenmever flasks. Medium nrepared and stored in this m-anner was stable

for at least 2 weeks.

?roduction of hieh level of to:in antieens. Environmentai conditions

:avorin- vroduction of toxin were empirically developed during formulation

of the R -edium. Blood agar plates were inoculated with B. anthracis and

incubated for 12 to 16 h at 37C :n 5Z CO.,. Individual colonies were

suspended in 10 ml sterile ohosphate buffered saline (PBS) to a density

6
of approximately 10 colony-forming units (CFU'h/,al (approximately 0.01

absorbance units at 540 =m on a Coleman Junior spectraphotoraeter, using

a 1.0-cm light path). Erlenmever flasks, half-filled w-ith I medi=,

were inoculated with 1.0 ml of the 3. anthracis suspension per 500 ml of

aediu=, yielding an initial concentration of approximately 2 x 0 Ciml.

Flasks were tightly capped to prevent loss of CO., then incubated in a

controlled environment shaker (New Brunswick Scientific, New Brunswick,

N.J.) at 370C with 60 oscillations/min. Following 16 to 20 h incubation

the cultures were centrifuged (500 X 15 min), and the supernatants

filtered through cellulose acetate membranes (O.ý5 u, pore diameter,

Gelman). These crude toxin preparations were stored up to 6 h on ice,

or for longer periods at -706C (8). On some occasions 2-liter Erlenmever

filter flasks were used for culturing large quantities. The flasks were

tightly sealed with rubber stoppers, and the side arms were plugged with

vaccine bottle stoppers. At predetermined times flasks were removed,

gently swirled and samples taken via the side arm using a 20-cc syringe
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and a 21-gauge needle. The flasks were then reincubated for further

sampling at the specified times.

Sterolouical assay. Serological activity-of qie toxin preparations

was measured in an Ouchterlony double-diffusion system (26) using antiserum

Sobtained from goats injected with B. anthracis Sterne spores. The 2oat

antiserum possessed both anti-PA and anti-LF activity (S. Leppla,

persunaL :-ommurication). Protectiv,, antigen and LF titers were expressed

as reciprocals of the maximum dilution of culture supernatant yielding a

precipirin line against coat antiserum diluted 1:2 with PBS.

BioLozical assays. Lethal toxin activity was measured by injecting

cult:ure supernatant into the dorsal penile vein of 200 to 300-i Fischer

344 rats and recording time ro death (2). The potency of crude toxin

preparations was expressed as toxic units (TU)/ml and was determined

according to the method of Haines et al. (10).

Zdema-producing activity was measured by intradermal injection of

serial 2-fold dilutions of culture supernatants into the shaved backs of

300 to 400-q, Hartley strain guinea pigs and noting edema formation 16 to

20 h later (27). Edema-producing activity titers were expressed as the

reciprocals of the final dilution yielding a positive response.

Determination of Zrowth and culturer viabilitv. Serial ten-fold

dilutions of culture samples were spread in triplicate onto plates of

TSA, 0.1 ml per plate. After 18 11 incubation at 37*C, colonies on the

plates were counted and CFU/ml in the original culture satuples were

determined.

Glucose and protein assays. Total. glucose in the cultore

supernarants was determined by the method of Dubois et ol. (5). Total

"protein in the cultnre supernatants was determined by the method of

Sedmak and Grossberg (20).

* ..-I
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Protease assay. Proteolytic activity in B. anthracis culture

supernatants was assayed at pH 7.5 using a heterogeneous mixture cf

uniformly labeled 1C E. coli proteins as substrate (25, New England

Nuclear, Boston, Mass.). This systerm is capable of detecting both

undopeptidaso and exopeptidase activity, and its sensitivity and ability to

be used ,qithin n wide pH range make it suitable for quantitating

low-level proteolytic activit. in bacterial culture supernatants. As a

positive eontroL, trypsin (3 X crystallizea, Sigma) was assayed in the

system at concentrations of 0.1 to 0.0001 ijg/ml..

J ,



0

RESULTS

Kinetics oY crowth in the R mediiu. Growth charac ri'stics of

the three 3. anthracis strains in the new, defined medium are depicted

in Fig. !. All three strains reached stationary phase, approximately

2 10 CFU/mtl, after 16 to 20 1 of culture. Logarithmic phase doubling

time was 33 to 40 min for the Sterne and V770-NPl-R strains, and

approxi!3erel' 50 min for the ,Votlum IS strain. The viability of Sterne

and V770-N1PI-R decreased to about 107 CU!ml between 20 and 42 h.

Hicrcscopic examination of material from the Vollum IB culture revealed

narked conversion of long chains into shorter chains and individual

bacilli beginning 24 h postinoculation. This resulted in a temporary

increase in viable count, followed by a decrease to 4 x 107 CFUO/ml at

42 h.

"hlicose utilization and pH chanc'e durinz culture. The rate of

glucose utilization uas similar in the three B. anthracis strains (Fig.

2). By 16 h more than 95Z of the glucose had been depleted from the

medium. Concomitant with the decrease in glucose was a drop in pH in

the cultures to between 7.2 and 7.4 (Fig. 3). Measurements of pH were

hampered by the tendency, of the medium to rapidly lose CO, upon exposure

to air, resulting in an increased pH.

Sapernatant protein and proteolvtic activity. Concentrations of

supernatant protein in the three cultures increased slowly up to 24 h

. (Fig. 4). In stationary phase the protein concentrations for V770-%.T'I-R.

Vollum IB, and Sterne, were 34, 60. and 75 ug/ml. In the late stages of

growth extensive cell lysis correlated with an increase in the

supernatant protein concentrations. Low levels of proteolytic activity

were demonstrable in the culture supernatants of all tihree strains

(Table 2).
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riý..,'o~n c-f 1thalit':-pr~ducdna .ind t-dema-Droducine activities~

In onttzr.. Lc, it-,rrz(uc ine actit-itt- !n the -,ulture supernatants 'n

.:'ie -?Iree strains i shown in Fit. 5. nxin vas, first dfctaCble at 12 h,

-when .cu>:zres were in !ate l nhaie. Sterne. '.7'-.?R. and VX,1lun 1B

-e-enhr.-ed ne-k toxin actii--tces ofi 70, 75, aind 160 71V/31 at 16.

3. !.' n 3. ?1.i :ý'in An~zlin 1095, *:s~no ac~ids.

ic3-eci.. :n :4e 7-e-uiedinz exier!:zser. in Aich numerous varat~eters

3. tnt:%rrifs in R nd culture vere exa~ined. it was n ?essar"* to

-rix t~ oncerts o.f the 1-14.t-r cu.t ure !Tl asgs i4--.ediatei: before

reon.ving S3a-Pie for anai-qis. !n subsequent stu~dies. however. it was

deter~ined :hat more stabl.o id h.!--cr titurs cr toxin hiolovicai.

activit:.. were obt~jnt4 w~hen the cultures did not reeive such intermittent

mixing, ýut instead were. inc;-accd with gei-;e azitatIcft and thorotichly

Mixed o'nlx. -ce, Udi-rectl: 5w:cre .aarvest .,) :aý iupernatant at 16 to Z0 h

In a iinal set of experiments, only ore s~npi~e was taken frorn any

singl~e cultura f !ask. Uleuneyer flasks (:31) -il) were Wilf-f illed with

1t.. 1095. or CA 7edjiuf, inoculated with B. anthracis Sterne. 7O!~lf

* I or Vollua 13. and incubated with gentle a~titation. Culture supernatant

sazwles froo individual flansw were harvested after 14, 16. 18. 20. 2:

and 24 h of incub~ition and examinecd ;,yr l talit~-.-ruduc~injc a"trivy and

LF 2n~d ?A. M.aximum serolocie eind bioh'4ci activity levelsi attained are

!listed in Table 3. The higeget PA and LF sevologic activitv titers

consistently correlated With maxinue lethal toxin activitv levels



produced by the three strains cultured in the three media. In the 1095

medium, all three strains produced little serologlcally detectable PA,

no detectable LF, and very little lethal toxin. In thCA medium,

Sterne and Vollum lB produced substantially more LF, PA, and lethal

toxin than in the 1095 medium, while there was no appreciable change

in toxin antigen production by V770-NPI-R. For all three strains the

highest levels of PA. LF, and lethal toxin were iroduced in the R medium.

DISCUSSION

Previous efforts by investigators to produce lethal anthrax toxin

in vitro have resulted in culture supernatant .preparations containing

fewer than 40 TU/ml (1, 10,,13, 28, 29). By use of improved cultural

conditions and the R medium, we are now able to produce the toxin at

levels which are 2-fold (Sterne and V770-NPI-R strains) to 5-fold

(Vollum 1B) 2reatdr than the highest values previuusly reported. In

3-.ition to its ability to support elaboration of high quantities of

anthrax toxin antigens, an additional advantage of the R medium is that

its nutritional components are completely defined.

Johnson and Spero reported that B. anthracis V770-NPl-R produced

only protective antigen in.1095 medium (1i). We have demonstrated in these

studies that the V770-NPI-R strain produces very little PA or LF in either

1095 or CA medium. In the R medium, however, V770-NPI-R produces almost as

much lethal toxin as the Sterne strain. It is therefore apparent that the

specific cultural environment must be taken into consideration before

comparing relative toxin antigen production by strains of B. .nthracis.

In the kinetic studies, attainment of stationary phase in the cultures

of the three strains correlated with depletion of supernatant glucose,

I
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cessation in the rapid decline in supernatant pH, temporary plateau in

the increase in supernatant protein concentrations, and peak concentrations

of toxin factors in the supernatants. Lethal toxin activity in the three

strains was not detected until late log phase, approximately 5 x 107 CFUJml.

Althouh this confirms previous findings (M2), it may well be that toxin

:antigens ire e.aborated throughout log phase culture but are not detected

dute to tha limited sensitivity of( the biolo.gical assays employed (11. 29).

Tu obviate this problem, the development of more sensitive serologic and

MoLot•.c assays is currentlv being undertaken.

Degradatlon of crude and partially purified preparations of anthrax

toxin, presumably by proteases, has been reported by several investigators

(7, 8, I, 29). It was therefore not surprising that proteolytic

activity was demonstrable in the culture supernatants of all three

strains. We have also noted (unpublished observations) that when the pH

of 3. anthracis cultures falls below 7.0, either as a result of too much

glucose or too little buffering in the medium, lower levels of toxin

antigens are produced, and more rapid degradation of the toxin occurs.

Recently Mikesell et al. have demonstrated that there is a relationship

between a large plasmid in B. anthracis and these toxin antigens

(P. Mikesell, B. E. [vins, and .. D. Ristroph, Fed. Proc., 41:1390,

1982). The recovery of this plasmid was enhanced by usine R medium.

, This medium has oroved to be a significant tool in several other

"laboratories which are critically dependent upon the facile production

of biologically and serologically functional toxin antigens. The

capability to produce increased quantities of anthrax toxin antigens in

the defined medium described in this study will further aid investigators

in their study of mechanisms of action of the toxin components and in their

attempts to develop a more efficacious human vaccifte.
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TABLE 1. Components of 1095, casamino acids, and R media

Mg/liter '

1.095 CA' R

L-Tryptophan 10 52 35

Glycine 22 15 65

L-Cvysine 12 25

L-Tyrosine 144

L-Lysine 230

L-Va Iine 120 173

'L-Leucine 256 230

L-Isoleucine 128 170

L-Threonine 120 120

L-Methionine 60 73

L-Aspartic acid 128 184

Na-L-Glutamate 168 612

L-Proline 30 43

L-Histidine HCI 96 55

L-Arginine HCI 21 125

L-Phenylalanine 136 125

L-Serine 42 235

L-Alanine 9

Guanine HC1 9

Adenosine 1.0

Biotin 0.4

Pvridoxal UCI 1.0

Thiamine HC1 4.0 0.5 1.0

Glucose 1000 2000 2500
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SC- aC1.. 2.15 7.4 7.4

M!gS0, 7 HO0 10 --- '9. 9 9.9
4 . - .

MnSO" HO 4 0.9 0.9

KI.Po0 870 872 3000

KH,,PO0 680 630

x.NHCO, 2500 8000 SOOO

Fe SO. 1.5

Uracil 1..

Adenine sulfate 2.1 2.1

Casamino acids 3600

Activaced charcoal powder 33

aAdditianal amino acids ivere not added, except where noted. in excess

of those iound in casamino acids.

*1
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-ABLE 2. Prorease activity a in the 18-h and 30-h R sedlum culture

supernatants of 14. anthracis strains Sterne, V770-NPl-R and Vollum IB

CPMI/.1 ml assay sample

Strain 18 h 30 h

Sterne 196 132

"V-"7."-I,-P I-R 5 203

'ollun is 50 33

"Tr--sin cc-trois, 0.: ,g/zj =86 CH, 0.01 u,/-l = 150 CM,

0.001 ;qi-nL 72 CP'!, 0.0001 .;g/ml 24 CFIM.

I "
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TABLE 3. Peak production of PA, LF, and lethal toxin in 1095, CA and R

media by B. anthracis strains Sterne, V770-NP1-R., ad Vollum IB

Reciprocal Ouchterlory titera

11

1095 CA R TUml medium"

Strain PA LF PA LF PA IF I0)95 CA R

SLerne 1 - 4 1 4 2 5 58 84

V770-'NPI-R 1 - 1 . 4. 1 23 25 79

Vollm IB i - a . 8 2 15 143 202

Serologic activity was assayed by double-diffusion Ouehterioyi"

.echnique using antiserum possessling both PA and LF activity.

bLethal toxin activity was measured by the rat lethality assay.

-L-

<1!
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FIGURE LEGENDS

FIG. 1. Growth kinetics in the R medium for B. anthracislfrains

Ste•ne ( , ), V770-NP1-R ( U. ), and Vollum 1B C 0 ).

FIG. 2. Suernatanr glucose concentration in R medium of B. anthracis

strains Sterne C A ), V770-N'PI-R ), and Vollum 1B ( 1 ).

FIG. 3. Chanee in PH in R medium cultures of B. anthracis strains

Sterne ( • ¾ V770-NPI-R ( U ), and Volluw lB ( 0 ),

FIG. 4. Suoernacant protein concentration in R medium of Sterne C A ,

* V7O0-,•l-R ( 3), 1and Voll,,ur 1 C 0 ).

FIG. 3. uuvernatanc lethality producing activity in R nedium of Sterne

A A )ý 770-P;Pt-R( 3 1, and VollumlB ( * ).



2' -

/

3 5-

9.;:,

.9
9��

I

9 - --

'9 . ---

:91

*�1 I -

�N.. -

C.

* .9

-S.
.9 9-

S..- . -9
�*9. - -

� .9 -

I. *.** 9*� I - -

* \*�%.*%�
S.-' **��*

Li..* ?s.
.9. 9-S9

.9 -�* -S.

*.-S.
9. -9

* *�.
*�*999

.99-I -�

\ 1 1
*�.1 I

p9
.9 �, *j�'

I S £ i� --. �-'-- p
N

Iw/n�o �o1

I-



n.-------�---. �e--* - - -- -. - - .- - . . - . -- -----. '.*.

_________________________ .9 - -. - - -- � �

-- U -

* . -
C - .- * - . - - -

�" ________ -- �- -. i---...............4 .

-. - .- - . - -� - 5.
- . - -- .........-

-� -- s-,.. - -, . -. - - - - � --.. �- -"

- ---.--

I
-5-

- . .---- I.I� - - -
- -- :-.. -... . - . -. . -. - ____ -I-- -- 

- -- * 'S...---- 5-.- . .1-. .-- :-::-���4 - 'A

-C.- -

-- 9 -- 4

� 0 -- -�

�
= -----..

- .- �.. .5 
2;

-. 5� - 5-,

-- a--- - is.. 5.. � -� -*1--

-

* I-o b.o 0 0
�-. 0 '- 0 0 0

"C- - C LO

- 5-5

- 27

1.�'�: -,� - -
--

- -5-- -. -

*5¶S*� 5�5-�C�***�* 
.. -a'.

'0



5

�
�

2Z� -

- - - r - a - - - -. - -� S eqs

- 'a
a-

�.--.- I
* I

AL. -- - .. :

*1 gSA -. a.

- . . . .- * -

Is . . .. .

- - -. - - \ \ Lu'
:)

-- -.- - �5

-a..
* -

- �r
4-

�1 
a.
-j

-.

V S -5---.

.5- �. * .'- -. -�
- . -0*-

* -
- -. --

-���*1 I -. - . - - I
/ ..* - i*.� *: S.

- I-' *�. .*..* I .5--.-.

� C - -

I -

55�55 *- -"'9..'.-.

- - I -- -5---

-5--- -.... S - .-. - --- -5

C, *�*� 5---
-- -.--.---.- �.--*------.--- - ___________________________

I- - r.-

______________________________________ F5-.. - _

I i- . � a : . a �
�. � �--c� ev C

-� �. es..i1t 7.
-N. - -. - 5,5f -.

-4. . - .-
* - - ".- 5 5--- -- *

� .
5 �

e� . - S S -5

-. �- �-.



I--

I *�

1
N, ,�,�**** � I.

S..

S. *.... I I..
.5 .. * S. i b

* S
* tO

'S

S.

-S . I
*5 5*

* .. S _

.5 * PS.

* -. 5 0 5
* S 5 =

�55

'-I

S * � �.

-. -1.J

SI-; * -

- 4. (�5 I -�
* . -

* .E- -

55** -

* -S
- I

-. - 5 5-

* - 5.. 5 -

S. -

.5*5
V�.

I� I.
.� I
S-i

-1

I * . p , I * I * � 0
S.- - 0

CU,: .q�. 4

crwi�r� N�LQ-d

- - -- - - -. .-. - - - *. - -. - - S - - * -. - . .... -



VI I

*

La c�j

A
'p * I

/ S

S I

/
/ S v

/ I

,I�*�jL� �: K

A I

/ a -
- I

- i

5-. . -5,

* a

s-i -

_____________________________ d�. .
- -*

- 5-
'p..

-5- .55'

-5
'.5

5*

S * a * * . *
*5-5. -. - -. - - - -'

- '-I -, �i

- S. -'a

iW/S±INfl 01X02.

I

F
* - amL�. ____


